Tissue fibrosis is a common pathological outcome of chronic disease that markedly impairs organ function leading to morbidity and mortality. In the lung, idiopathic pulmonary fibrosis (IPF)
Introduction
Fibrosis is a progressive form of pathological tissue remodeling seen following repeated injury or in the setting of chronic disease 1,2 . Although normal scarring is a physiologic and often reversable sequela of injury in most tissues, pathologic fibrosis of numerous organs, including lung, liver, and kidney, can be unrelenting and markedly impair function leading to organ failure.
For example, patients with idiopathic pulmonary fibrosis (IPF) have a particularly poor prognosis with treatment options limited currently to medications that slow loss of lung function and when disease progresses, lung transplantation 3 . Mechanisms involved in the initiation and progression of fibrosis, such as that seen in patients with IPF, are poorly defined and most likely multifactorial. However, common features of IPF, which mirror disease manifestation in many organs, are unresolved healing of wounded epithelium, activation and proliferation of (myo)fibroblasts and invasive fibroblasts 4-6 , excessive deposition of extracellular matrix, particularly fibrillar collagens, and destruction of lung architecture leading to declining pulmonary function and death 3,7-9 . Recent studies have implicated mechanisms of accelerated aging, including loss of epithelial progenitor cell function and/or numbers and cellular senescence, in IPF pathogenesis [10] [11] [12] . Indeed, in about 20% of familial IPF cases, mutations have been found in genes involved in telomere function (TERT and TERC) and protein folding and secretion that impact the function of epithelial cells [13] [14] [15] . Furthermore, disease-associated gene variants defined in genome-wide screens have been linked to defects in host defense and regulation of cellular senescence 2, 16 .
Normal maintenance of the alveolar epithelium is accomplished through the proliferation of alveolar type 2 (AT2) cells, a facultative stem cell that produces and secretes pulmonary surfactant in its quiescent state 17 . However, stress from genetic or environmental factors can compromise the ability of AT2 cells to transition from quiescent to proliferative states, thereby leading to defective epithelial maintenance 18 . We recently demonstrated that fibrotic regions of lung tissue from IPF patients show both regional depletion of AT2 cells and the presence of epithelial cells with abnormal activation of multiple pathways, including p53 and TGFβ signaling 19 . In other organs, such changes in cell phenotype promote cellular senescence [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Thus, age-dependent senescence of AT2 cells, accompanied by loss of stem/progenitor cell function, could contribute to progressive lung fibrosis.
Here, we define the senescence-associated phenotype of AT2 cells in lung tissue of patients with IPF and establish a novel mouse model to test further the contribution of AT2 cell dysfunction in progressive lung fibrosis. To this end, we generated mice with AT2-specific conditional loss of Sin3a, a key component of Sin3-HDAC complex that regulates chromatin structure and gene expression in all eukaryotic cells. Silencing of Sin3a led to defective progenitor cell function and induction of a program of p53-dependent AT2 senescence. In addition, we show that senescence of AT2 cells is sufficient to initiate TGFβ-dependent progressive lung fibrosis that closely resembles pathological remodeling seen in IPF lungs.
Fibrosis was diminished either by selective loss of p53 function in AT2 cells, through systemic inhibition of TGFβ signaling, or ablation of senescent cells by systemic delivery of senolytic drugs. Our data suggest that p53-induced AT2 senescence serves as a proximal driver and candidate therapeutic target in progressive lung fibrosis and provides key evidence to support roles for epithelial dysfunction in both initiation and progression of distal lung fibrosis seen in IPF.
Results

Senescent phenotype of AT2 cells in end-stage IPF lung tissue.
To define senescent cell types of the IPF lung, we evaluated the expression of genes linked to the senescence-associated secretory phenotype (SASP) 31, 32 by mining the Lung Genomics Research Consortium (LGRC) transcriptomic database (http://www.lunggenomics.org). Our analyses revealed a large proportion of known senescence associated genes including SASP genes whose transcripts were significantly elevated in ILD lungs compared to normal control tissue ( Fig 1A) . Furthermore, staining of IPF explant tissue for senescence-associated β-gal (SA-βgal) revealed multiple senescent cell types including epithelial cells ( Fig 1B) . To test the contribution of alveolar Type II (AT2) cells to the senescent cell fraction, we took advantage of RNA-Seq data generated from enriched HTII-280+ epithelial cells isolated from either control donor lung or IPF explant lung tissue 19 . As with the LGRC data set, bulk RNA-seq data showed increased expression of senescence associated genes including SASP genes in HTII-280+ AT2 cells isolated from IPF patient samples compared to control donors ( Fig 1C) . These data demonstrate that AT2 cells contribute to the total pool of senescent lung cells in IPF.
To further validate these observations, we performed single cell RNA-sequencing (scRNA-Seq) with fluorescence-activated cell sorting (FACS) enriched epithelial cells (DAPI -, CD45 -, CD31 -, CD326 + ) from either control donor distal lung tissues or IPF fibrotic lung tissues (Feature H&E Extended Data Fig 1A, 1B) . A total of 10146 captured single cells passed quality control for further batch correction and unsupervised clustering (Extended Data Fig 2A) . Major cell types, including AT1, AT2, club, ciliated, goblet, and basal cells, were assigned according to their expression of known cell type-specific gene signatures and visualized by Uniform Manifold Approximation and Projection (UMAP) (Extended Data Fig 2A, B) . AT2 cells were identified and selected for further analysis based upon their clustering and abundant expression of transcripts for SFTPC and SFTPB (Fig 1D, E) . Expression of both SASP-related genes and other senescence biomarkers, including CDKN1A/p21, CDKN2A/p16 were significantly elevated in single cell transcriptomes of IPF AT2 cells compared to control AT2 cells ( Fig 1F, 1G and also 4F). These findings were recapitulated among single AT2 cell transcriptomes evaluated in a distinct data set of control and IPF subjects 33 , available in gene expression omnibus (GSE122960; Supplement Fig 2C-E) . Further validation by immunofluorescence staining revealed increased CDKN2A/p16 and CDKN1A/p21 immunoreactivity in HTII-280+ AT2 cells within localized hyperplastic epithelium adjacent to fibrotic regions of IPF lung tissue ( Fig 1G, also Fig 4E) . We also assessed the contribution of AT2 cell senescence in the development of lung fibrosis using intratracheal administration of bleomycin, a commonly used animal model of lung injury and fibrosis 34 . We evaluated our scRNA-Seq analysis comparing cells from mouse lungs at day-21 after bleomycin treatment -when fibrosis peaks -with vehicle-treated litter mate controls 35 . We analyzed AT2 cells for SASP factor genes expression and found increased transcript levels of SASP genes in AT2 cells from bleomycin-treated compared to cells from control mice (Supplemental 3 Fig A-E) . Together, these data demonstrate that senescence of AT2 stem cells is a common pathological feature of IPF observed among all patient samples regardless of genetic and other initiating factors.
A novel mouse model of conditional AT2 stem cell senescence.
We next sought to determine whether senescence of AT2 cells drives progressive fibrosis. In our previous work, we demonstrated that endodermal progenitor cells of the developing mouse lung are uniquely dependent upon Sin3a and that loss of Sin3a in developmental endodermal progenitor cells leads to senescence and aberrant lung development 36 . To determine if the progenitor function of adult lung AT2 cells have a similar dependence on Sin3a, we generated Sftpc CreER ; Sin3a f/f ; Rosa mTmG to allow tamoxifen-induced conditional Sin3a loss-of-function (LOF) in AT2 cells (herein referred to as Sin3a-LOF; Fig 2A) . Efficiency of Sin3a loss was verified by immunoblotting of homogenates of isolated AT2 cells ( Fig 2B) and by immunostaining of lung tissue sections (Extended Data Fig 4A) . Both methods demonstrated near complete loss of Sin3a within AT2 cells 2 weeks after tamoxifen administration. Furthermore, Sin3a-LOF led to about an 80% reduction in AT2 colony forming efficiency when isolated AT2 cells were placed in 3D culture (Extended Data Fig 5E and F) indicating impaired progenitor capability of AT2 cells due to loss of Sin3a.
To better define how loss of Sin3a impacts the phenotype of AT2 cells, we performed bulk RNA-Seq on AT2 cells isolated from lungs of Sin3a-sufficient (wildtype) and Sin3a-LOF mice. Using DEseq2 test with an adjusted p-value cut off of 0.05, we found that 3489 transcripts were significantly upregulated and 3605 transcripts were significantly downregulated in Sin3a-LOF AT2 cells compared to wildtype cells (Extended Data Fig 4B, C) . We then used Ingenuity Pathway Analysis (IPA) to identify differentially regulated gene networks within Sin3a-LOF AT2 cells compared to their Sin3a-sufficient counterparts. Upregulated pathways in Sin3a-LOF AT2 cells included oxidative phosphorylation, mitochondrial dysfunction, sirtuin signaling, EIF2 signaling, and mTOR signaling. Interestingly, these pathways are all linked to cellular senescence 37-52 . Conversely, the most highly downregulated pathway was linked to maintenance of embryonic stem cell pluripotency (Extended Data Fig 4D, E) . Furthermore, we also identified a number of SASP genes, including Ang, Cxcl1, Cxcl3, and Mif, whose transcript levels were upregulated in Sin3a-LOF AT2 cells ( Fig 2C) . These changes in the molecular phenotype of AT2 cells were accompanied by dramatic increases in the size of AT2 cells Fig 4A) , a characteristic feature of senescent cells 53, 54 , Indeed, at 6 weeks post-tamoxifen treatment, the average cross-sectional surface area of AT2 cells increased almost 3-fold in Sin3a-LOF mice (735.5 ± 8.076 μm 2 ) compared to age-matched Sin3a-sufficient controls (263 ± 2.797 μm 2 ) ( Fig 2F) .
To define further the molecular changes accompanying Sin3a loss within AT2 cells, we performed single cell RNA sequencing (scRNA-Seq) on enriched epithelial cells (DAPI -, CD45 -, CD31 -, CD326 + ) isolated from Sin3a-LOF and control mouse lungs 4 weeks and 6 weeks after tamoxifen treatment. A total of 11686 captured single cells passed quality control for further batch effect correction and unbiased clustering. Molecular similarity between cells was visualized by t-Distributed Stochastic Neighbor Embedding (t-SNE), with major cell types assigned to clusters according to expression of known cell type-specific gene signatures and the Cre-activated GFP lineage reporter (Extended Data Fig 5A, B) . AT2 cells were defined by expression of Sftpc and GFP transcripts were selected for further analysis and formed two distinct clusters when visualized by UMAP ( Fig 2G) . The largest of these AT2 clusters included representation from both Sin3a-sufficient and Sin3a-LOF mice recovered at 4 or 6 weeks after tamoxifen treatment. In contrast, the smaller AT2 cluster only included cells derived from Sin3a-LOF mice and were considered to represent the bulk of AT2 cells having recombined both Sin3a-flox alleles to generate Sin3a-LOF AT2 cells. Using Wilcoxon rank sum test with a cut off of p-value = 0.01, we identified 2683 genes that were significantly upregulated and 518 genes that were significantly downregulated in Sin3a-LOF AT2 cells compared to Sin3a-sufficient AT2 cells (Extended Data Fig 5C) .
We then used IPA to perform canonical pathway analysis on our scRNA-Seq data to assess the potential for these changes in gene expression to influence cellular phenotype. Pathways upregulated pathways in Sin3a-LOF AT2 cells compared to wildtype AT2 cells included oxidative phosphorylation, mitochondrial dysfunction, sirtuin signaling, EIF2 signaling, and mTOR signaling, which were all identified in our bulk AT2 cell RNA-seq analyses. In addition, our scRNA-Seq data revealed differential expression of several other genes and pathways linked to cellular senescence, including eIF4 and p70S6K 45 , protein ubiquitination 55,56 , PI3K/AKT signaling 20-23 , phagosome maturation 57,58 , VEGF signaling 59 , integrin signaling 60 , NRF2mediated oxidative stress 61-64 , actin nucleation 65 , and MAPK signaling 66-68 ( Fig 2H) .
Furthermore, increased expression of SASP genes, as well as senescence biomarkers including Cdkn1a/p21, Trp53, and others, were prominent in Sin3a-LOF AT2 cells compared to Sin3a-sufficient AT2 cells ( Fig 2I) . We used immunofluorescence to demonstrate expression of senescence-associated cell cycle inhibitors Cdkn2a/p16 and Cdkn1a/p21 co-localized with the GFP lineage trace (AT2 cells). Cdkn2a/p16 and Cdkn1a/p21 co-localized with GFP used to traced AT2 cells. Immunofluorescence signal for both cell cycle regulators was dramatically increased within GFP+ AT2 cells of Sin3a-LOF mice compared to their signal in wildtype cells ( Fig 2J and Fig 4C) . Increased expression of p16 and p21 was also accompanied by an increase in senescence-associated β−gal staining in Sin3a-LOF mouse lung samples compared to wildtype lung ( Fig 2K) . Together, these data demonstrate that loss of Sin3a in adult AT2 cells activates cellular senescence.
Sin3a-LOF and associated senescence of AT2 cells leads to progressive lung fibrosis
Having found that Sin3a-LOF induces senescence within AT2 cells, we next sought to determine if AT2 cell dysfunction mediated by Sin3a-LOF impacted lung fibrosis. 10-12-weekold Sin3a-LOF mice were exposed to three doses of tamoxifen. Lung injury and remodeling were assessed over the following 8 weeks ( Fig 3A) . Sin3a-LOF led to persistent morbidity, as indicated by a decline in bodyweight, and a significant increase in mortality (either spontaneous death or reaching euthanasia criteria), both of which were not seen in control mice (Fig 3B and C) . Histological assessment revealed focal consolidations of matrix deposition that initiated at 4 weeks at the lung edges and progressed inward forming extensive interstitial fibrosis at later times ( Fig 3D) . Importantly, this pattern of fibrosis mirrors closely both the onset and progression of fibrosis seen in human lung 69, 70 .
We performed RNA-Seq of whole lung RNA to define global changes in gene expression that accompany progressive fibrosis in Sin3a-LOF mice. Complementing our histologic findings, IPA identified altered pathways controlling cell proliferation and activation of fibrosis at 4 weeks posttamoxifen, which increased in significance at later times (Extended Data Fig 6A) . Paralleling the increases in fibrosis gene expression scores was a marked stimulation of multiple collagen and other fibrosis-related genes, such as fibronectin, Ctgf (Extended Data Fig 6B, C) , SASP-related genes (Extended Data Fig 6D) , and the myofibroblast marker αSMA (Fig 3 E, F ). An elevated signal for αSMA immunoreactivity was seen in fibrotic regions ( Fig 3E) . In addition, hydroxyproline content, a marker of collagen deposition, was markedly elevated in Sin3a-LOF lungs compared to control tissue ( Fig 3G) . Collectively, these data demonstrate that AT2 cell dysfunction and senescence resulting from loss of Sin3a is sufficient to drive progressive lung fibrosis in a pattern that mimics closely the pattern of fibrosis seen in IPF patients.
p53 signaling pathway activation in senescent AT2 cells.
We reported that p53 and TGFβ signaling are dramatically upregulated within AT2 cells isolated from explant IPF tissue 19 . We used IPA analysis of total lung RNA-seq data to identify candidate regulators of fibrosis in Sin3a-LOF mice. TGFB1 (highlighted in red) and TP53 (highlighted in blue) were identified as the most differentially expressed upstream regulators (Extended Data Fig 7A) . Similarly, we also identified TGFB1 (highlighted in red) and TP53 (highlighted in blue) by IPA upstream analysis using 1) bulk RNA-seq of isolated HTII-280+ cells from IPF vs control lungs; 2) scRNA-Seq of human lungs comparing IPF vs control AT2 cells;
and 3) scRNA-Seq of murine lungs comparing Sin3a-LOF vs control AT2 cells (Extended Data Fig 7B-7D ). Thus, these data indicate that TGFB1 and TP53 are critical regulators of pro-fibrotic pathway in both human and mouse epithelial samples.
Given that p53 activation is linked to a loss of progenitor cell function and induction of cellular senescence 71 , we evaluated p53 activation status in the Sin3a-LOF mouse model and human IPF patient samples. As discussed above, we found that p53 signaling was among the top upregulated pathways in lung tissue of Sin3a-LOF mice (Extended Data Fig 5A) . These findings were confirmed by immunoblotting, which showed that p53 protein levels increased markedly and progressively following tamoxifen exposure in Sin3a-LOF mice (Extended Data Fig 7E) .
Increases in p53 protein abundance were also evident 7 and 14 days after exposure of mice to intratracheal bleomycin (Extended Data Fig 7F) .
To assess p53 pathway activation within individual lung AT2 cells, we compared the p53 pathway activation gene list from the KEGG database to our scRNA-Seq data generated with AT2 cells from Sin3a-LOF mice and with human AT2 cells from IPF tissue. We observed a significant increase in p53 activation score both in Sin3a-LOF AT2 cells versus Sin3a-sufficient control AT2 cells (Fig 4A, B ) and in IPF AT2 cells versus control human AT2 cells (Extended Data Fig 7G) . These findings were further verified by gene expression analysis of Cdkn1a/p21, a known downstream target of activated p53 71, 72 . Compared to Sin3a-sufficient controls, increased immunoreactivity for Cdkn1a/p21 was observed in GFP+ AT2 cells in lung tissue of Sin3a-LOF mice ( Fig 4C) and was accompanied by a significant increase in the proportion of AT2 cells with detectable Cdkn1a/p21 mRNA and in the median expression levels per cell ( Fig   4D) . Similarly, increased CDKN1A/p21 immunoreactivity and mRNA expression were observed in HTII-280+ AT2 cells from IPF lung tissue compared to these cells from control donor lung (Fig 4E and F, Extended Data Fig 7H) .
To examine further the importance of p53 activation as a downstream mediator of progressive lung fibrosis in Sin3a-LOF mice, we generated Sftpc CreER ; Sin3a f/f ; p53 f/f mice (herein referred as Sin3a/p53-LOF) with conditional loss of both Sin3a and p53 in AT2 cells. 10-12-week-old Sin3a-LOF and Sin3a/p53-LOF mice were exposed to tamoxifen, and viability and lung injury monitored for 6 weeks ( Fig 4G) . In contrast to Sin3a-LOF mice, Sin3a/p53-LOF mice were protected from bodyweight decline and mortality, also accompanied by a decrease in senescence-associated β−gal staining in Sin3a/p53-LOF mouse lung samples compared to Sin3a-LOF mouse lung samples (Fig 4H and Extended Data Fig 7I, 7J) . Consistent with a protective effect of p53-LOF, fibrosis seen in Sin3a-LOF mice was diminished in Sin3a/p53-LOF mice ( Fig 4I-4J ). We found similar results in Sin3a-LOF mice that received intraperitoneal injections of p53 inhibitor Pifithrin-α every other day after the first week of tamoxifen treatment (Extended Data Fig 8 A-E ). These data demonstrate that silencing p53 expression or activity in AT2 cells prevented the pro-fibrotic phenotype that results from Sin3a-LOF and suggests that p53 activation represents a critical determinant of AT2 progenitor cell dysfunction leading to progressive lung fibrosis.
Inhibition of TGFβ alleviates lung fibrosis due to Sin3a loss of function in AT2 cells.
Activation of both p53 and TGFβ signaling was seen in AT2 cells of Sin3a-LOF mice and in lung tissue from patients with IPF (Extended Data Fig 7) . TGFβ activation plays a key role in lung fibrosis [73] [74] [75] [76] , especially in epithelial cells 77, 78 . Tgfb1 may be a key mediator of SASP 32 . We next interrogated our scRNA-Seq data of Sin3a-LOF mouse model and human IPF specimens to determine if there was evidence of TGFβ induction in AT2 cells. The abundance of Tgfb1 and TGFB1 mRNAs were significantly increased both in Sin3a-LOF and IPF AT2 cells compared to their matched control AT2 cells ( Fig 5E, F) . Hence, Sin3a-LOF AT2 cells were subdivided into Sftpc + and Sftpcsubsets and compared to Sin3a-sufficient AT2 cells ( Fig 5G) .
We found that Sin3a-LOF/Sftpc -AT2 cells showed the highest TGFβ activation score, with Sin3a-LOF/Sftpc + AT2 cells showing an intermediate score, and Sin3a-sufficient AT2 cells with the lowest score ( Fig 5H) . Other changes are seen within Sin3a-LOF/Sftpc-AT2 cells included a prominent induction of β6 integrin-Itgb6 ( Fig 5I, J) , which is involved in TGFβ1 activation 77, 78 . In addition, immunofluorescence staining showed that β6+ AT2 cells accumulated proximal to fibrotic foci in Sin3a-LOF mice ( Fig 5K, Extended Data Fig 9E) . Collectively, these data demonstrate that TGFβ signaling is activated in AT2 epithelial cells of both human IPF-and Sin3a-LOF lungs.
To further test the role of altered TGFβ signaling as a mediator of progressive pulmonary fibrosis in Sin3a-LOF mice, we inhibited TGFβ pathway activation by systemic delivery of the activin receptor-like kinase-5 (Alk4/5) inhibitor SB431542 79 . 10-12-week-old Sin3a-LOF mice received SB431542 i.p. every other day after the first week of tamoxifen treatment ( Fig 5L) . We found that SB431542 treatment protected against mortality and body weight loss seen in vehicle control Sin3a-LOF mice (Extended Data Fig 9F, Fig 5M) and attenuated lung fibrosis, evident by reduction of fibrotic foci and collagen deposition ( Fig 5N-5O ). Further, we found that Sin3a-LOF AT2 cells expressed the senescence marker Cdkn1a/p21 after SB431542 treatment, suggesting that TGFβ activation and fibrogenesis are downstream of AT2 cell senescence (Extended Data Fig 9G) . Taken together, we conclude that loss of Sin3a in AT2 cells results in TGFβ activation and that enhanced TGFβ signaling is a distal driver of progressive lung fibrosis seen following AT2 progenitor cell dysfunction in Sin3a-LOF mice.
Senescence rather than loss of AT2 cells drives progressive lung fibrosis.
To determine contributions of AT2 loss versus senescence in progressive fibrosis, we compared fibroproliferative responses seen in Sin3a-LOF mice with those in mice with direct ablation of AT2 cells achieved through conditional activation of diphtheria toxin A (Sftpc CreER ; DTA f/f ; Rosa mTmG , here on referred as DTA; Fig 6A) . 10-12-week-old Sin3a-LOF and DTA mice were exposed to tamoxifen once every week for 8 weeks and evaluated at 4, 6, 8 and weeks after the first exposure ( Fig 6A) . Ablation efficiency was assessed by real-time quantitative PCR of Sftpc mRNA and by immunofluorescent staining for Sftpc (Extended Data Fig 10A, B) . At the 8-week exposure time point, DTA mice experienced 10% mortality (2 out of 20 mice) with no significant decline in bodyweight ( Fig 6B, C) . In contrast, all Sin3a-LOF reached the euthanasia endpoint for bodyweight decline which was classified as mortality ( Fig 6B, C) . Upon histological analysis, both Sin3a-LOF and DTA showed tamoxifen-dependent parenchymal consolidation and matrix deposition by Masson's trichrome staining at 4 weeks ( Fig 6D) . These data are consistent with a previous report showing that conditional expression of the diphtheria toxin receptor within AT2 cells promotes matrix deposition 80 . However, despite histopathological evidence of progressive fibrosis seen in Sin3a-LOF mice, DTA mice recovered at 6-and 8-week exposure time points with no histological evidence of tissue remodeling and fibrosis ( Fig 6D and E) . Histological evidence of progressive fibrosis in Sin3a-LOF mice was matched by time-dependent increases in lung hydroxyproline content ( Fig 6F) with no progressive increases in hydroxyproline content observed in lung tissue of DTA mice ( Fig 6G) . Taken together these data suggest that changes in the function and molecular phenotype of AT2 cells from Sin3a-LOF mice rather than simply loss of AT2 cells are responsible for progressive pulmonary fibrosis.
Finally, we tested the hypothesis that senescence of AT2 cells is the proximal driver of progressive pulmonary fibrosis observed following tamoxifen exposure of Sin3a-LOF mice. We treated 10-12-week-old Sin3a-LOF mice with a cocktail of senolytic drugs, Dasatinib and Quercetin (D+Q) or vehicle by oral gavage, every other day starting 1 week after the last dose of tamoxifen treatment for a total of 6 weeks. D+Q treatment protected Sin3a-LOF mice against bodyweight decline and mortality, in addition to mitigating histological evidence of fibrosis and expression of Cdkn1a/p21 ( Fig 6I-K , Extended Data Fig 10C) . Reduced fibrosis following D+Q treatment of Sin3a-LOF mice was also evident by a decrease in lung hydroxyproline content compared to vehicle treated Sin3a-LOF mice. Thus, we conclude that senescence of AT2 cells represents the proximal driver for progressive fibrosis seen in Sin3a-LOF mice and we speculate is a primary driver of tissue remodeling in IPF.
Discussion:
Even though fibrosis of epithelial tissues has a clear age-dependence, mechanisms by which advancing age contribute to initiation and/or progression of disease remain largely unknown.
Increased cellular senescence is pathognomonic of disease and has been linked to both disease-associated gene variants and age-dependent loss of epithelial progenitor cell function.
However, mechanisms by which cellular senescence drive tissue fibrosis are unclear. Herein we determine that senescence and declining abundance of alveolar type 2 (AT2) cells, stem cells that maintain the epithelial lining in the gas-exchange regions of the lung, are linked processes in end-stage idiopathic pulmonary fibrosis (IPF). In order to define disease mechanisms, we sought to define the contribution of stem cell senescence and stem cell loss towards initiation and progression of disease. We found that conditional loss of Sin3a within AT2 cells of adult mice induced a program of senescence and loss of progenitor cell function. Furthermore, even though either senescence or depletion of AT2 cells led to spontaneous lung fibrosis, fibrosis seen in mice with AT2 depletion was transient and rapidly resolved whereas conditional senescence promoted progressive interstitial lung fibrosis resembling that seen in human IPF.
We establish that senescence, rather than stem cell depletion per se, represents a critical determinant of fibrogenesis in epithelial tissues.
Cellular senescence was first characterized as a state of cell cycle arrest after extensive proliferation and hence referred to as replicative senescence (RS). However, senescence can also be induced by multiple intrinsic stress-related stimuli such as telomere loss, DNA damage, oxidative stress, endoplasmic reticulum stress and oncogene activation 81 . These triggers induce cell cycle arrest through one of two major mechanisms, activation of either p53-p21 and/or p16INK4a-pRB pathways 71, 82, 83 . We show that p53 signaling is one of the top pathways upregulated in AT2 isolated from IPF patient lung samples compared to their counterparts isolated from control donor lung tissue. Increased expression of CDKN1A/p21, a downstream target of p53, suggested that AT2 cell cycle arrest and senescence may depend on activation of the p53-p21 signaling axis. Certainly, hypertrophic AT2 cells present within IPF explant tissue show strong induction of p21 but also show elevated immunoreactivity for p16. These AT2 cells also show reduced immunofluorescent staining for the HDAC co-stimulatory factor Sin3a, and we were able to show that Sin3a LOF in mouse AT2 cells resulted in p53-p21 activation and p53-dependent senescence and fibrosis. Even though we cannot exclude a role for p16 in AT2 senescence, our data suggest that p53 activation is necessary (and sufficient) to induce AT2 senescence leading to progressive pulmonary fibrosis.
The senescence-associated secretory phenotype (SASP) has been shown to promote cell proliferation 84-86 , stimulate cell motility (invasion, migration) 87-89 , regulate cell differentiation 31, [87] [88] [89] , and affect leukocyte infiltration 90-92 , all of which serve important roles in repair following acute injury yet is a likely contributor to IPF pathogenesis. We show that a SASP gene expression signature is present within AT2 cells of the IPF lung and is induced following Sin3a loss in mouse AT2 cells. The critical role for AT2 senescence in both initiation and progression of fibrosis was suggested by progressive fibrosis of Sin3a-LOF mice but not with AT2 cell ablation and the demonstration that senolytic drugs were protective. Interestingly, a recent publication of a small Phase 1 study in IPF patients using the senolytic agents Dasatinib and Quercetin was performed and although the primary endpoint of change in Iung function was negative, patients reported improvements in breathlessness 93 . Our finding that elimination of senescent AT2 cells from lungs of Sin3a-LOF mice protects from progressive fibrosis supports a critical role for AT2 senescence in both initiation and progression of IPF.
Both p53 and TGFβ were key upstream regulators in both IPF and Sin3a-LOF AT2 cells.
Furthermore, we found that integrin alpha(v)beta6 (Itgb6), responsible for stretch-activation of latent TGFβ 78,94 , localized immediately adjacent to sites of lung fibrosis. Matrix deposition and fibroproliferation were inhibited by systemic delivery of the Alk4/5 inhibitor SB431542, indicating that TGFβ activation is an obligate downstream mediator of AT2 dysfunction. Given that TGFβ is a known regulator of fibrosis in many organs including the lung, our own data further highlight the importance of senescent AT2 cells as a source of TGFβ and, consistent with the previously reported work of Tatler and Jenkins 77,78 , that epithelial activation of TGFβ functions as a driving force for fibroproliferation. We therefore establish in both human IPF and in the Sin3a-LOF mouse model of IPF, that p53 activation and induction of SASP are proximal events leading to TGFβ activation and progressive fibrosis. Sin3a-LOF mice therefore serve as an animal model that recapitulates all pathologic hallmarks of IPF.
In summary, we present a novel conditional mouse model of spontaneous progressive interstitial lung fibrosis in which loss of Sin3a function and resulting senescence of AT2 cells is sufficient to bypass age-dependent changes to AT2 cells of the human lung that lead to IPF.
Conditional Sin3a-LOF in mouse AT2 cells activates senescence in p53 and p21 dependent manner, leading to TGFβ activation, downstream signaling and fibrogenesis. Using this mouse model, we provide evidence that early targeting of senescent cells is of therapeutic benefit in moderating lung fibrosis, a strategy that may have broad potential to mitigate fibrosis in a wide range of epithelial tissues. A. Schematic outline of experiment design. B. Bodyweight change for tamoxifen-exposed Sin3a-LOF and control mice. p<0.0001 for two-way ANOVA test and two-tailed student t-test comparing Control vs Tamoxifen treated group at each time point 2 weeks after tamoxifen exposure. C. Survival curve for tamoxifen-exposed Sin3a-LOF and control mice. LGRC   TNFRSF10C   TIMP2  TIMP1  TGFB1  SERPINE2  SERPINE1   PLAU  MMP7  MMP14  MMP13  MMP12  IGFBP4  IGFBP2  CXCL1  CLU  CDKN2A CDKN1A  CDKN1C  CDKN2A  CDKN2B   CLU  CXCL1  IGFBP2  IGFBP7  LMNA  MIF  MMP13  MMP14  MMP7  PLAU  SERPINE1  SERPINE2   TGFB1  TIMP1  TNFRSF10C   CON1   CON2   CON3  IPF1  IPF2 
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